A 3D numerical simulation was conducted to study the effect of inlet boundary layer thickness on rotating stall in an axial compressor. The inlet boundary layer thickness had significant effects on the hub-corner-separation at the corner of hub and suction surfaces. The hub-corner-separation grew considerably for a thick inlet boundary layer as the load increased, while it diminished to become indistinguishable from the rotor wake for a thin inlet boundary layer and another corner-separation originated near the casing. This difference in the internal flow near stall also had a large effect on characteristics of the rotating stall, especially the initial asymmetric disturbance and the size of stall cells. While a prestall disturbance arises firstly in the hub-corner-separation for the thick inlet boundary layer, an asymmetric disturbance was initially generated in the tip region because of the corner-separation for the thin inlet boundary layer. This disturbance was transferred to the tip leakage flow and grew to become an attached stall cell, which adheres to the blade passage and rotates at the same speed as the rotor. When this attached stall cell reached a critical size, it started moving along the blade row and became a short-length-scale rotating stall. The size of the stall cell for the thick inlet boundary layer was larger than for the thin inlet boundary layer. Due to the bigger size of the stall cell, the performance of the single rotor for the former case dropped more significantly than for the latter case.
Nomenclature
BL: boundary layer C pt,Rot : rotary total pressure coefficient M x : axial Mach number p: static pressure p t : total pressure p t,Rot : rotary total pressure U: rotational speed of rotor U m : rotational speed of rotor at mid-span V x : axial velocity V xm : maximum of axial velocity V x : average of axial velocity W: relative velocity y þ : non-dimensional distance from wall : flow coefficient : density Mx : standard deviation of axial Mach number : static pressure rise coefficient
Introduction
The rotating stall in a compressor reduces performance and adds extra stresses to the blade because it changes the pressure on the blade surface periodically. Since this phenomenon has a bad effect on the reliability of an airplane as well as the compressor itself, much attention has been paid to the characteristics of rotating stall to establish effective methods for active control.
Most studies on rotating stall have been conducted using experiments focused on two subjects: the stall inception process and active control methods. Referring to experimental results on the stall inception process, [1] [2] [3] [4] [5] [6] [7] the rotating stall follows modal perturbations with long-length scale or spiketype precursors with short-length scale, depending on the compressor operating conditions. In addition, it is also found that the rotating stall in an axial compressor originates from interactions between the tip leakage flow and the main flow. In recent years, many numerical studies on rotating stall have been published. [8] [9] [10] [11] [12] These numerical results showed the stall inception process in detail and gave an intuitive understanding about the characteristics of rotating stall. Especially, Vahdati et al. 11) recently analyzed the effects of rotating stall on aero-engine core compressor vibration and Vo et al. 12) established two criteria for spike-type rotating stall, namely tip clearance back flow at the trailing edge and leading-edge tip leakage flow spillage below the blade tip.
The rotating stall can be initiated in any stage of a multistage axial compressor, depending on geometrical factors and operating conditions, according to the experimental results of Camp and Day 3) and Day et al. 4) In these cases, the simulation with a uniform axial velocity cannot be Ó 2011 The Japan Society for Aeronautical and Space Sciences applied directly to multi-stage axial compressors because the middle stages have severe inlet distortions both in radial and in circumferential directions. Although Smith 13) showed that the boundary layer thickness on the hub and casing increases moderately as the flow passes through each blade row in a multi-stage axial compressor, many researchers have used the clean inlet in the simulation of rotating stall, ignoring the effects of boundary layer thickness. The change of inlet boundary layer thickness has significant effects on hub-corner-separation according to Wagner et al. 14) and Choi et al. 15) Therefore, this study analyzed the effects of inlet boundary layer thickness on rotating stall in a subsonic compressor using an unsteady simulation.
Test Configuration

Geometric specifications
A numerical study was conducted using a low-speed axial compressor tested by Wagner et al. 14) This compressor not only has a rotor without a stator and an inlet guide vane but also rotates slowly about its axis at 510 rpm, so the maximum pressure ratio between the inlet and outlet is about 1.01. The Reynolds number is approximately 244,000 based on the inlet velocity at the design condition and the blade chord length at mid-span. This compressor has 28 blades, which have a circular-arc camber line with NACA 65 airfoil as a base profile. Unlike other axial compressor with a constant tip clearance, this compressor has variable tip clearance such as 2.3% of chord length at the leading edge, 1.0% at the mid-chord and 3.3% at the trailing edge of the blade. The detailed geometry is summarized in Table 1 .
Measurement positions
Wagner et al. 14) performed experiments on separations on the blade surface and secondary flows downstream of the single rotor by changing the inlet boundary layer thickness on the hub and casing. As shown in Fig. 1 , there are five measurement points with important meanings in their experiments. The boundary layer thickness was adjusted at STA.À1 with a variety of screens of different wire diameters and spacing. The inlet and exit flow conditions such as total pressure and temperature, density and velocity were measured at STA. 1 and STA. 2 respectively. The upstream and downstream static pressures were measured on the hub and casing of STA. 1 and STA. 3 to obtain the pressure rise curve. There is a small gap on the hub between moving and stationary parts at STA. 4. Relative measurement positions are summarized using STA. 0 as a reference point in Table 2 . For reference, STA. 2 is located at the 30% axial chord downstream of the rotor.
Numerical Methods
Discretization method
A 3D unsteady flow was simulated using the existing in-house flow solver, TFlow. This flow solver has been validated through a series of calculations in a subsonic axial compressor, a transonic axial compressor and a subsonic axial turbine by Choi et al. 15) and Park et al. 16, 17) since its development in the mid-1990s. TFlow uses the compressible RANS (Reynolds Averaged Navier-Stokes) equation as the governing equation. The governing equations were discretized by the finite volume method in space and by the Euler implicit time marching scheme with first-order accuracy to obtaine a steady solution and also with secondorder accuracy to simulate unsteady flows. An upwind TVD scheme based on Van Leer's flux splitting method was applied for the inviscid flux term and the secondorder central difference method was used to discretize the viscous flux term. The laminar viscosity was calculated by Sutherland's law and the turbulent viscosity was obtained by the algebraic Baldwin-Lomax model.
In an unsteady simulation of rotating stall, the computational domain has several blade passages in a blade row to show movements of stall cells. In this study, approximately 4 million nodes were necessary although only eight passages were used. Therefore, parallel programming is indispensable to overcome the long simulation time. Since an identical grid was used in the passage, each blade passage was assigned to one processor and the flow variables in contact with other passages were transferred by MPI (Message Pass- ). Table 2 ing Interface) libraries. In this study, an eight-node Linuxcluster (CPU: P4-2.8 GHz) was used to simulate the rotating stall and it took about 2 weeks to obtain numerical results over 14 periods for each case. One period here means the time duration that it takes the eight blades to traverse the computational domain once.
Computational domain and grid
Using measurement positions as a guideline, a computational domain was fixed in the region between STA. 1 and STA. 3 and a multi-block hexahedral mesh was generated using ICEM-CFD 18) as shown in Fig. 2 . Each passage is composed of 125 nodes in the streamwise direction, 58 nodes in the pitchwise direction, and 73 nodes in the spanwise direction. To capture the tip leakage flow accurately, the tip region was filled with the embedded H-type grid, which has 52 nodes from the leading to the trailing edges of the blade, 10 nodes across the blade thickness and 16 nodes from the blade tip to the casing. Therefore, one passage has about 0.53 million nodes, where the distance of the first grid point from the wall is set y þ to be equal to or less than 5. After the steady solution was obtained using the mesh with one passage, the stall simulation was conducted using the same mesh with eight passages. Therefore, the whole computational domain for unsteady simulations has about 4.2 million nodes.
Boundary and initial conditions
At internal flow simulations of turbomachinery, there are four different types of boundaries such as inlet, outlet, wall and periodic conditions. At the inlet, the total pressure, total temperature and flow angles were fixed, where total pressure and temperature were obtained by using the static pressure and temperature at the standard atmosphere and the velocity profile measured by Wagner et al. 14) For the outlet condition, the static pressure on the hub was specified and local pressures along the span were given by using the SRE (Simplified Radial Equilibrium) equation. Other flow variables such as density and velocities were extrapolated from the interior. On the wall of blades and endwalls, the no-slip condition was used to calculate the velocity components. Surface pressure and density can be obtained using the normal momentum equation and adiabatic wall condition respectively. Since a part of full passages was used for stall simulations, it was necessary to implement the periodic condition between the first and the last passages. The periodic condition was implemented using ghost cells next to the boundary. Using the steady simulation result near stall ( ¼ 0:65) as an initial condition, a time accurate unsteady simulation was started after the back pressure (p 3 =p 1 ) was set to be 1.008 for the thick inlet boundary layer and 1.007 for the thin inlet boundary, which were slightly higher values than the outlet static pressure at the near-stall condition.
Numerical Results
Steady flow
Since numerical results such as performance, static pressure distribution on blade, flow angle and total pressure loss at the design and the near-stall conditions have already been compared and validated with experimental data in the previous study, 15) this study focuses on the effects of the inlet boundary layer on the rotating stall. Because the steady flow near stall has a large effect on the rotating stall, it is important to investigate the effects of the inlet boundary layer thickness on the steady flow. Figure 4 shows the rotary total pressure coefficient at STA. 2 to check the change of the hub-corner-separation and the tip leakage flow. The rotary total pressure is used to remove rotational effects from the relative total pressure and is defined as
Its coefficient can be calculated by using both the areaaveraged total pressure at the inlet and the rotary total pressure given by Eq. (1).
Although there is no apparent difference between the two cases on the hub-corner-separation and the tip leakage flow at the design condition, many differences can be found depending on the different boundary layer thicknesses, as the load is increased. While the hub-corner-separation grows to become a large separation on the suction surface for the thick inlet boundary layer, it is diminished to be indistinguishable from the rotor wake for the thin inlet boundary layer. Moreover, another corner-separation near the casing originates from the interaction between the tip leakage flow and the boundary layer on the suction surface. These corner-separations act as a blockage and cause a large loss in total pressure. To inspect the structure of the separations, Fig. 5 shows the limiting streamlines on the suction surface. At the design condition, similar streamlines except for the separation focus are observed regardless of the inlet boundary layer thickness. The hub-corner-separation in each case, which originates at the two-third chord length from the leading edge on the hub, grows large from the hub to 40% span at the trailing edge. At the near-stall condition, while the hub-corner-separation expands from the hub to the tip for the thick inlet boundary layer, it holds its size but another large separation is found in the region above the mid-span for the thin inlet boundary layer.
Unsteady flow
The performance of a compressor is represented by the flow coefficient and the static pressure rise coefficient, which are defined as follows. In experiments, the latter was calculated using the static pressure increment between STA. 1 and STA. 3 at the tip.
As shown in Fig. 6 , the static pressure rise curve obtained by steady numerical computations corresponds to the experimental data within the range from 0.65 to 0.95 of the flow coefficients, regardless of the inlet boundary layer thickness. The static pressure rise coefficients for the unsteady simulation were calculated using the instantaneous flow data, which were saved five times a period. The numerical results of the unsteady simulation have a good agreement with the experimental results until the rotating stall occurs. However, there are some discrepancies after development of the rotating stall, because a part of the whole blade passages were used in the unsteady simulation. The numerical result for the thick inlet boundary layer predicts the stall point well on the performance curve, and the abrupt drop in the performance can be observed in the stall development process between ¼ 0:58 and ¼ 0:53. The magnitude of the performance drop matches to the experimental value well, although the slope is not steep. For the thin inlet boundary layer, there is no abrupt performance drop in the pressure rise curve for the experimental and numerical results. The operating points in both cases are clustered around the experimental value in the early stage of the unsteady calculations because an asymmetric disturbance is small. The rotating stall initiates at ¼ 0:62 and ¼ 0:595 for the thick and thin boundary layers respectively, and it causes the operating points to be scattered due to the disturbance of the stall cell. For the thick inlet boundary layer, the performance drops abruptly below ¼ 0:58 as the size of the stall cell grows. For the thin inlet boundary layer, the stall inception is delayed to the lower flow coefficient because the axial velocity near the casing is larger than the other case.
To judge whether a rotating stall occurs or not, the axial velocity was measured before the leading edge of the rotor during calculations. Eight numerical sensors were installed at 85% span from the hub and 25% of the chord length upstream of the leading edge as shown in Fig. 7 . These sensors rotate in the counter-clock-wise direction as the calculation proceeds, because numerical simulations were conducted in the rotating frame. These sensors read the axial velocity at each position 480 times a period. Figure 8 shows the time-history of axial velocities measured by each numerical sensor in both cases. There is no disturbance at the beginning of the unsteady simulation, but some small disturbance appears in the time-history although no artificial asymmetric disturbance was imposed. For the thick inlet boundary layer, the first disturbance occurs near 3.0 periods and it moves at the same speed as the rotor, meaning that it adheres to the blade row. The rotating stall is found clearly around 7.0 periods and the flow coefficient has a value of 0.62 at this moment. The rotational speed of the stall cell quickly decreases to 75% of the rotor so it moves in the opposite direction to the rotor blade in the rotating frame. For the thin inlet boundary layer, the axial velocity does not show any sign of a disturbance before 5.0 periods. The first disturbance occurs around 5.0 periods and grows slowly to become an attached stall. As the flow rate is reduced, the stall cell starts moving in the circumferential direction at 6.6 periods, when the flow coefficient is about 0.6. This flow coefficient is smaller than for the thick boundary layer case, meaning that the large axial velocity near the casing can delay stall inception. As the flow coefficient is decreased further, the stall cell steadily grows large and its rotating speed goes down to 74% of the rotor speed. In both cases, firstly one stall cell is generated in the blade row and then another one or two stall cells are originated. Figure 9 shows the rotary total pressure distribution near the casing during stall inception for the thick inlet boundary layer. The numerical sensors cannot detect any signal of a disturbance at 1.0 period because the rotary total pressure has similar features in all passages. The local disturbance can be found in the tip leakage flow between the eighth and second blades at 3.0 periods, when the numerical sensors detect a disturbance for the first time. The rotary total pressure shows a different pattern at each passage as shown in Fig. 9(b) . This disturbance is fixed inside the blade passage, rotates with the rotor at the same speed and grows to become a bigger attached stall cell by throttling (Fig. 9(c) ). The front line of the tip leakage flow is located behind the leading edge plane until this moment. When attached stall cell reaches a critical size, the tip leakage flow locally moves around the leading edge of the next blade and spills into the adjacent flow passage due to the blockage of the attached stall cell. A critical size here means the size of the disturbance when the front line of the tip leakage flow passes over the leading edge of the next blade. The attached stall cell then changes to a short-length-scale rotating stall ( Fig. 9(d) ). Once the rotating stall is generated, it advances to the next blade one by one and grows to become a large stall cell as shown in Fig. 9(e,f) . During this process, another two stall cells are originated so three stall cells are rotating in the blade row.
For the thin inlet boundary layer, the stall inception process is similar to the previous case but has some different features. At 3.0 periods, the rotary total pressure distribution near the casing is similar to each other. The first disturbance appears at 5.0 periods between the fourth and the seventh blades as shown in Fig. 10(b) . When the numerical sensors detect a disturbance, the front line of the tip leakage flow is still located behind the leading edge plane. This disturbance grows to become a bigger attached stall cell as the flow coefficient is reduced (Fig. 10(c) ). If this attached stall cell has a critical size, the low energy flow spills into the next blade around the leading edge of the rotor and through the tip clearance, and rotating stall finally occurs as shown in Fig. 10(d) . At 8.0 periods, a new stall cell is originated on the sixth rotor blade by the same stall inception process. Finally, there are two stall cells rotating in the blade row as shown in Fig. 10(f) . In comparison to the previous case, the size of each stall cell is small in the circumferential direction.
A disturbance near the casing might be caused by the interaction of the tip leakage flow and the main flow in a subsonic axial compressor, as Hoying et al. 9) have reported, when the front line of the tip leakage flows propagates forward of the leading edge plane. However, the first localized disturbance in this study originated before the front line of the tip leakage flows reached the leading edge plane, meaning there is another mechanism triggering a disturbance. Figure 11 shows the rotary total pressure distribution at STA. 2 at 1.0 and 3.0 periods for the thick and the thin inlet boundary layers respectively. At 1.0 period, there was no disturbance in the time-history of axial velocities and in the rotary total pressure near the casing as mentioned above, but the hub-corner-separation shows some asymmetric disturbance at STA. 2 for the thick inlet boundary layer.
In the same manner, there is a small disturbance at the corner-separation near the casing at 3.0 periods for the thin inlet boundary layer.
To investigate the change in the separations during stall inception, the passage-averaged axial Mach number and its standard deviation were calculated using the flow field of eight passages. The results are shown in Figs. 12 and 13 for the thick and thin inlet boundary layers respectively. For the thick inlet boundary layer, the passage-averaged value shows that the hub-corner-separation has a large separation region at 1.0 period but it is reduced at 7.0 periods because the blockage of the tip leakage flow grows continuously as the flow coefficient is reduced. The core flow region, excluding the regions under the influence of the tip leakage flow and the hub-corner-separation, has a small standard deviation of the axial Mach number. This implies that all passages have similar flow features in the core flow region. A large standard deviation is shown near the hub-corner-separation region at 1.0 period but not in the tip region, meaning that the hub-corner-separation has different features in each passage and introduces an asymmetric disturbance into the internal flow. The standard deviation in the tip region becomes large at 3.0 periods because the local disturbance appears first. The attached stall cell at 7.0 periods causes the standard deviation near the casing to increase and near the hub-corner-separation to decrease in comparison to that of 1.0 period.
For the thin inlet boundary layer, the flow downstream of the rotor is totally different from that for the thick inlet boundary layer. The rotor wake and the tip leakage flow cause the low Mach number regions at 3.0 periods as shown in Fig. 13(a) . Near the hub, the small low Mach number region exists in the rotor wake due to the hub-cornerseparation. However, most of the flow regions except for the rotor wake have a small standard deviation. At 3.0 periods, the rotor wake and corner-separation near the casing cause a region with relatively large standard deviation, although its value is much smaller than that for the thick inlet boundary layer. At 5.0 periods, the region with large standard deviation exists near the casing due to the first disturbance in the tip region. The overall hub region has small values because the rotor wake is similar to each other and the hub-corner-separation is too small to generate a disturbance. As the flow rate is further reduced, the flow field near the casing has large standard deviation in the Mach number at 6.6 periods due to the attached stall cell as shown in Fig. 13(c) . These numerical simulations for the rotating stall reveal some points that are interesting. Firstly, the initial disturbance originated due to the corner-separation on the suction surface and then the disturbance emerges in the tip region (or tip leakage flow), when the front line of the tip leakage flow is still behind the leading edge plane. From this result, we conclude that an asymmetric disturbance can be transferred from the corner-separations to the tip leakage flow. Second, the attached stall is observed in stall inception regardless of the inlet boundary layer thickness. This stall inception via an attached stall cell has been already reported by Choi et al. 19) using the rotating stall simulation with four passages in the same test case.
Conclusion
Two numerical simulations were conducted to analyze the effect of inlet boundary layer thickness on the rotating stall. In this study, the following stall inception process was found: The first disturbance occurred in separations on blade surfaces. This disturbance was transferred from the separations to the tip leakage flow and it grew to become an attached stall cell. When this attached stall cell reached a critical size, the rotating stall was initiated. The inlet boundary layer thickness had a large effect on the size of stall cells and the flow coefficient at stall inception. The small axial velocity near the casing allowed the disturbance to grow to become a large stall cell for the thick inlet boundary layer, while the large axial velocity kept the disturbance from growing for the thin inlet boundary layer. Therefore, the rotating stall occurred at a lower flow coefficient for the thin boundary layer than for the thick inlet boundary layer. Moreover, the size of the attached and rotating stall cells grew large with the thick boundary layer. Due to the different size of stall cells, there was an abrupt performance drop for the thick inlet boundary layer whereas the performance change for the thin boundary layer was relatively milder.
